Cross-spectral techniques are used to analyze the relationship between gravity and bathymetry at the Mid-Atlantic Ridge and the East Pacific Rise crests. The resulting transfer functions were used to study the nature of the isostatic mechanism operative at these ridge crests. The most satisfactory results were obtained for models in which the oceanic lithosphere is treated as a thin elastic plate overlying a weak fluid. The best fitting elastic thickness to explain gravity and bathymetry at the fast spreading (v > 5 cm/ yr) East Pacific Rise is in the range of 2-6 km and at the relatively slow spreading (v < 2 cm/yr) MidAtlantic Ridge is in the range 7-13 km. These estimates are significantly smaller than the elastic thickness of 20-30 km obtained from surface loads formed on old (> 80 m.y.) parts of the oceanic lithosphere. This difference is consistent with the fact that ridge topography is formed near the ridge axis, where isotherms are shallower and the lithosphere is thus weaker than in older regions. The difference between the elastic thickness of the East Pacific Rise and Mid-Atlantic Ridge is significant and may represent differing temperature structures at these ridges. Simple models in which it is assumed that the elastic thickness represents the depth to the 450øC isotherm show that these variations can be explained by differences in the spreading rate at these ridges. Thus the lower effective thickness at the East Pacific Rise can be attributed to higher average temperatures at shallow depths in a region surrounding the ridge crest. This is due to the faster spreading rate which results in isotherms having a shallower dip away from the axis than at the slower spreading Mid-Atlantic Ridge. This model cannot, however, explain gravity and bathymetry data over the Rekyjanes Ridge. The best fitting elastic thickness for this slow spreading ridge is similar to the thickness determined for the East Pacific Rise, suggesting an anomalous thermal regime at this ridge crest.
INTRODUCTION
Midocean ridges are recognized in plate tectonic theory as the site of creation of oceanic lithosphere which subsequently evolves through cooling and the solidification of hot mantle material. Simple models have been constructed for the cooling lithosphere which generally explain the regional topography, heat flow, and free air gravity anomalies over ridge crests [Sclater and Francheteau, 1970; Parker and Oldenburg, 1973; Lambeck, 1972 ]. These models have been mainly concerned with explaining the evolution of the lithosphere away from the ridge crest and therefore provide little information on subsurface processes occurring at the ridge axis.
vide information on subsurface processes occurring at the ridge axis.
Most previous studies of the gravity field over midocean ridges have been concerned with the manner in which the ridge flanks are supported and thus have been concerned with the interpretation of long-wavelength gravity anomalies. Talwani et al. [ 1961, 1965] analyzed the first continuous gravity profiles across the Mid-Atlantic Ridge and East Pacific Rise. They found that the ridge crest was associated with relatively small positive free air gravity anomalies and a Bouguer gravity anomaly low of about 140 mGal relative to the values in the ocean basins. This anomaly, which has a width of about 1600 km in the North Atlantic [Talwani et al., 1965] , was interpreted as being caused by low-density material underlying the ridge flanks and providing compensation for the ridge. Recently, Cochran and Talwani [ 1977] have shown that the ridge crest is in general associated with a free air anomaly gravity high of 20-30 mGal similar to that expected from simple thermal models of a cooling lithosphere [Sclater and Francheteau, 1970; Parker and Oldenberg, 1973] .
Although many investigators [Talwani et al., 1961 [Talwani et al., , 1965 [Talwani et al., , 1971 ; Van Anclel and Bowin, 1968; Woodside, 1972] have recognized that short-wavelength free air gravity anomalies with amplitudes of up to ñ50 mGal exist over ridge crests, there have bee n only a few attempts to interpret them quantitatively. WoodSide [1972] argued from a break in slope of the Bouguer gravity versus depth relationship that the rift mountains are supported by tectonic forces and/or a lower mantle density beneath the crest of the ridge. Talwani et al. [1972] examined the relationship between gravity and bathymetry on a profile across the Mid-Atlantic Ridge at 320N and concluded that the g.ravity anomalies could be well predicted from uncompensated topographic relief, at least for wavelengths of up to a few hundred kilometers. [1976] examined the relationship between gravity and bathymetry along two long profiles, one of which crossed the Mid'-Atlantic Ridge at about 10øN. They used Wiener filter and cross-spectral techniques to quantitatively determine the relationship between gravity anomalies and bathymetric relief. They concluded that their results could best be explained by an elastic plate model of compensation, in which the plate thickness is about l0 km. They noted that this effective elastic thickness is much less than previous determinations [ Walcott, 1970; Watts and Cochran, 1974 ] from loads on relatively old portions of the oceanic lithosphere and that this difference could be explained if the topography were created near the ridge crest, where isotherms are higher in the mantle.
Recently, McKenzie and Bowin
The purpose of this paper is to examine the relationship between gravity and bathymetry over midocean ridge crests which differ in tectonic setting and spreading rate. We will use the cross-spectral techniques of analyzing gravity and bathymetry data described in paper 1 [Watts, 1978] . The resulting transfer functions or filters will be interpreted in terms of different models of isostasy at ridge crests. This analysis will enable us to provide new constraints on the subsurface process operating at ridge crests and to examine the causes of differences between these processes at various ridge crests.
DATA COLLECTION, REDUCTION, AND PRESENTATION
In this study we have used surface-ship gravity and bathymetry profiles over midocean ridge crests, obtained mainly The overall accuracy of the gravity measurements obtained during these surveys is affected by the accuracy of the gravimeter and the navigation. In general, those cruises which used the Gss2 sea gravimeter or the MIT instrument with satellite navigation should be accurate to about 2-5 mGal. However, somewhat larger errors would be expected for cruises which used the gimbal-mounted LaCoste-Romberg gravimeter or celestial navigation.
The gravity anomalies which we used were reduced to the international reference ellipsoid (flattening equal to 1/297.0). However, the choice of a reference ellipsoid is not important, since the mean and trend were removed before the data were used. Ship tracks along which the data were obtained are shown in Figures 1 and 6 . Profiles of the gravity anomalies and bathymetry projected normal to the local trend of the ridge are shown in Figures 2, 7, 8 , and 14. As mentioned above, these profiles have had the mean and trend removed, and also a cosine taper has been applied to the first and last 5% of each profile. They are not therefore conventional gravity and bathymetry profiles. The mean is given beside each profile, so the original values can be approximately reconstructed.
METHOD OF ANALYSIS
It has been recognized for some time that gravity anomalies at sea mainly reflect the effect of sea floor topography and the manner in which it is compensated. Gravity and bathymetry generally correlate closely at short wavelengths (less than a few tens of kilometers) and poorly at longer wavelengths (greater We require a transfer function or filter which, when applied to an observed bathymetry profile, converts it to a series which resembles the observed gravity anomaly profile. We obtain this filter using the cross-spectral techniques described in paper 1 [ Watts, 1978] . The method used in these studies has the advan- tage that the filter and complex admittance (Fourier transform of the filter) is obtained from many relatively short profiles centered on the ridge crest rather than by subdividing a few long profiles. Thus we are assured that the resulting filter is directly applicable to the ridge crest and is not an average filter influenced by data which cross a number of geologic features. The result of the computations is a filter which, from bathymetric data, reproduces the observed free air gravity anomaly over the region or feature which is being examined. This filter is based completely on the observed relationship between gravity and bathymetry and is not tied to any isostatic model. However, as pointed out by McKenzie and Bowin [1976] , the observed filter or complex admittance can be easily compared with isostatic models based on different hypotheses for the manner in which sea floor topography is supported.
ISOSTASY AT MIDOCEAN RIDGE CRESTS
In this section we will use the cross-spectral techniques to investigate the isostatic mechanism at midocean ridge crests. We will concentrate on two ridges in this study. These are the fast spreading East Pacific Rise, which is characterized by smooth topography and an axial horst, and the slow spreading Mid-Atlantic Ridge, which is characterized by rough topography and an axial 'rift valley. ' The gravity and bathymetric data from each profile were used to obtain 24 independent estimates of the cross spectrum and of the power spectrum of the bathymetry. The resulting averaged spectra were used to calculate the complex admittance Z(k,,), the coherence 3,•'(k,,), and the phase of the admittance ½(k,,). (See McKenzie and Bowin [1976] or Watts [1978] for the definition of these quantities.) These parameters are plotted as a function of wave number in Figure 3 . The smoothness of the 1og•0 admittance curve for wavelengths of greater than about 15 km is evidence that the same signal was present in the various profiles and that the averaging procedure successfully reduces noise. The phase is near zero for the same range of wavelengths, implying that the admittance is real, as it should be for the earth; and the coherence is high between wavelengths of 15 and 150 km. The coherence is a measure of that portion of changes in the gravity field which can be directly attributed to changes in water depth. A straight line fit to the observed admittance for a wavelength range of 32 > 3, > 13 km gave estimates ofd = 3.219 km andp: = 2.33 g/cm 8. The estimated mean water depth, although slightly greater than the observed mean depth, is within the range of observed values. The mean density estimate, however, is somewhat lower than densities usually assumed for oceanic layer 2. One explanation is that the density appropriate to the topographic relief is that of layer 2A rather than of layer 2. Houtz and Ewing [ 1976] have documented a l-to 1.5-km-thick layer in crestal regions of midocean ridges with P wave velocities of 3.1-3.3 km?s. These velocities correspond to densities of approximately 2.3 g/cm 8 using the Nafe-Drake curves.
Although the short-wavelength portion of the logaoZ curve can be fit by a straight line, the admittance decreases rapidly at longer wavelengths because of the effects of isostasy. As a compensated topographic feature becomes wider, the gravity anomalies over its center decrease, and the patterns of gravity and bathymetry become less similar. The nature of the relationship between gravity and bathymetry for various theoretical isostatic models can be determined [Walcott, 1976 
TECTONIC IMPLICATIONS
A result of particular interest is that the effective elastic thickness determined from small-scale topography appears to differ between ridge systems. Low values of the elastic thickness (2-6 km) were determined for the East Pacific Rise crest, while higher values (7-13 km) were determined for the MidAtlantic Ridge. These differences appear to be real and significant.
The difference in the relationship between gravity and bathymetry over the two ridge crests is illustrated in Figure 12 According to the models which we have just discussed, it would be expected that the elastic plate thickness under the Reykjanes Ridge crest would be quite small. implications for the state of isostasy at the ridge axis. These models can be tested using the relationship of gravity and bathymetry over ridge crests. Since for wide conduits (or abnormally low viscosities) the ridge crest axial elevation is determined by hydrostatic equilibrium, these models predict that axial blocks should be in a state of isostatic equilibrium. Conversely, at ridges where an axial rift valley is present, the viscous stresses are relatively large, and the ridge axis is depressed to a level below that of hydrostatic equilibrium. Thus the ridge axis should be associated with a mass deficiency and not be in isostatic equilibrium when a rift valley is present. The state of isostatic equilibrium at ridge crests can be considered by examination of simple regional isostatic anomalies which assume the plate model of compensation. Bouguer and regional isostatic anomaly profiles across the R eykjanes Ridge and the Mid-Atlantic Ridge are shown in Figure 15 . Although both profiles show a Bouguer anomaly low centered at the ridge crest, there is a difference in the character of the lows. The Bouguer anomaly low over the R eykjanes Ridge is smooth, gentle, and at least 100 km wide. This low is the central portion of the broad Bouguer anomaly low which expresses compensation of the entire ridge and is eliminated in the regional isostatic anomaly. In contrast, the Bouguer anomaly low, over the Mid-Atlantic Ridge is bounded by steep gradients, is confined to the inner portion of the rift valley, and is not removed in the regional isostatic anomaly. The presence of a gravity low in both Bouguer and isostatic anomaly profiles implies that not only is the rift valley uncompensated but that in addition, a subsurface mass deficiency is associated 
where Ts is the surface temperature, T,. is the temperature of the solidus, u is the spreading rate, k is the thermal diffusivity, and Xo is a parameter which describes the thermal structure of the ridge crest. The expression is calibrated through the parameter Xo, which has dimensions of distance. Although the elastic thickness is probably both temperature and pressure dependent, we will assume, following the results of Watts [1978] , that the 450øC isotherm defines the elastic thickness. R eykjanes Ridge, processes other than variations in thermal structure due to different spreading rates appear to operate. There is good evidence that these are related to anomalous thermal processes immediately beneath the ridge crest.
SUMMARY AND CONCLUSIONS
We have examined the relationship between gravity and bathymetry over midocean ridge crests by using cross-spectral filtering techniques. The following conclusions may be drawn from this study.
1. The most satisfactory model for the compensation of sea floor topography near the ridge crest is the regional isoThese results therefore suggest that differences in spreading , static or elastic plate model. The effective elastic plate thickrate may explain the differences in elastic thickness (and thus nesses are 2-6 km over the East Pacific Rise and Reykjanes of the style of axial topography) between most 'normal' ridge Ridge to 7-13 km over the Mid-Atlantic Ridge. Figures 5 and 11) . We also show a theoretical curve [Turcotte, 1974] calculated with the assumption that the base of the elastic lithosphere is the 450øC isotherm [Watts, 1978] and which is constrained to pass through the Mid-Atlantic Ridge value.
5. The presence of a positive (horst) or negative (rift valley) topographic feature at the ridge crest appears to be a function of the average temperature in the vicinity of the ridge crest. It is therefore a function of both the spreading rate and the temperature structure at the ridge crest.
6. Regional isostatic anomalies across ridge crests with axial highs are generally small, while those across ridge crests with axial rift valleys are larger and are characterized by a low over the axial rift valley. The isostatic gravity low over 'rifted' ridges can be as great as 20-30 mGal and is usually confined to the vicinity of the rift valley. This result is interpreted as supporting models such as those of Sleep [1975] , Sleep and Rosendahl [1979] , and Lachenbruch [1973, 1976] , in which viscous forces resulting from the interaction of the ascending magma and the conduit walls are considered the mechanism for producing ridge crest topography.
